The main excitatory pathway of the hippocampal formation is controlled by a network of morphologically distinct populations of GABAergic interneurons. Here we describe a novel type of GABAergic interneuron located in the outer molecular layer (OML) of the rat dentate gyrus with a long-range forward projection from the dentate gyrus to the subiculum across the hippocampal fissure. OML interneurons were recorded in hippocampal slices by using the whole-cell patch-clamp configuration. During recording, cells were filled with biocytin for subsequent light and electron microscopic analysis. Neurons projecting to the subiculum were distributed throughout the entire OML. They had round or ovoid somata and a multipolar dendritic morphology. Two axonal domains could be distinguished: an extensive, tangential distribution within the OML and a long-range vertical and tangential projection to layer 1 and stratum pyramidale of the subiculum. Symmetric synaptic contacts were established by these interneurons on dendritic shafts in the OML and subiculum. OML interneurons were characterized physiologically by short action potential duration and marked afterhyperpolarization that followed the spike. On sustained current injection, they generated high-frequency (up to 130 Hz, 34°C) trains of action potentials with only little adaptation. In situ hybridization and single-cell RT-PCR analysis for GAD67 mRNA confirmed the GABAergic nature of OML interneurons. GABAergic interneurons in the OML projecting to the subiculum connect the input and output regions of the hippocampus. Hence, they could mediate long-range feedforward inhibition and may participate in an oscillating crossregional interneuron network that may synchronize the activity of spatially distributed principal neurons in the dentate gyrus and the subiculum.
The main excitatory pathway of the hippocampal formation is controlled by a network of morphologically distinct populations of GABAergic interneurons. Here we describe a novel type of GABAergic interneuron located in the outer molecular layer (OML) of the rat dentate gyrus with a long-range forward projection from the dentate gyrus to the subiculum across the hippocampal fissure. OML interneurons were recorded in hippocampal slices by using the whole-cell patch-clamp configuration. During recording, cells were filled with biocytin for subsequent light and electron microscopic analysis. Neurons projecting to the subiculum were distributed throughout the entire OML. They had round or ovoid somata and a multipolar dendritic morphology. Two axonal domains could be distinguished: an extensive, tangential distribution within the OML and a long-range vertical and tangential projection to layer 1 and stratum pyramidale of the subiculum. Symmetric synaptic contacts were established by these interneurons on dendritic shafts in the OML and subiculum. OML interneurons were characterized physiologically by short action potential duration and marked afterhyperpolarization that followed the spike. On sustained current injection, they generated high-frequency (up to 130 Hz, 34°C) trains of action potentials with only little adaptation. In situ hybridization and single-cell RT-PCR analysis for GAD67 mRNA confirmed the GABAergic nature of OML interneurons. GABAergic interneurons in the OML projecting to the subiculum connect the input and output regions of the hippocampus. Hence, they could mediate long-range feedforward inhibition and may participate in an oscillating crossregional interneuron network that may synchronize the activity of spatially distributed principal neurons in the dentate gyrus and the subiculum.
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The neuronal network of the hippocampus consists of glutamatergic principal neurons (granule cells and pyramidal neurons) and GABAergic interneurons (Amaral, 1978; Buhl et al., 1994; Buckmaster and Schwartzkroin, 1995a,b) (for review, see Freund and Buzsáki, 1996) . Although interneurons numerically represent only ϳ10% of the neuronal population, they regulate the activity of the entire network. GABAergic interneurons mediate feedback or feed-forward inhibition by local synaptic interactions with principal neurons and thereby control their activity (Andersen et al., 1963; Buzsáki, 1984) . In addition, GABAergic interneurons form a network by mutual synaptic interactions. This interneuron network is thought to be involved in the generation of oscillatory activity and may provide the clock signal for temporal encoding of information in principal neurons (Soltész and Deschênes, 1993; Bragin et al., 1995; Buzsáki and Chrobak, 1995; Cobb et al., 1995; Whittington et al., 1995; Jefferys et al., 1996) .
The axons of GABAergic interneurons innervate specific regions of their postsynaptic target cells (Somogyi, 1977; Soriano and Frotscher, 1989; Li et al., 1992; Gulyás et al., 1993; Halasy and Somogyi, 1993; Buhl et al., 1994 Buhl et al., , 1996 Miles et al., 1996) (for review, see Freund and Buzsáki, 1996) . GABAergic synapses established on the axon initial segment or the soma are thought to set the threshold of action potential initiation in principal neurons (Miles et al., 1996) . In contrast, inhibitory synapses formed on dendrites may suppress both the backpropagation of Na ϩ -dependent action potentials (Tsubokawa and Ross, 1996) and the initiation of dendritic Ca 2ϩ spikes (Miles et al., 1996) . This may imply that interneurons regulate plasticity at glutamatergic synapses (Davies et al., 1991) .
Most GABAergic interneurons have an extensive local axonal arborization, indicating that they control a large number of target cells (Han et al., 1993; Buckmaster and Schwartzkroin, 1995a,b; Cobb et al., 1995) (for review, see Freund and Buzsáki, 1996) . Recently, a backprojecting interneuron in the alveus of the CA1 subfield with three spatially distributed axonal domains in CA1, CA3, and in the hilar region was described (Sik et al., 1994) . It was suggested that this type of interneuron mediates long-range feedback inhibition in the hippocampus. GABAergic interneurons with long-range projections may couple oscillating local circuits and generate spatially coherent oscillations . The abundance and distribution of GABAergic interneurons with cross-regional projections in the hippocampal formation, however, remain unclear.
The outer molecular layer (OML) of the dentate gyrus is the input region of the hippocampus for afferent fibers from the entorhinal cortex (Steward, 1976; Witter, 1989) . Therefore, GABAergic interneurons situated in this region would be in a key position to control information flow into the hippocampus by feed-forward inhibition. Very little is known, however, about neurons located in the OML. Previous studies in the developing and adult hippocampus have shown a population of glutamic acid decarboxylase (GAD) 65/67 (Houser and Esclapez, 1994) and calretinin-positive neurons (Del Río et al., 1996; Liu et al., 1996) in the OML. The axonal projection and the f unction of these cells are unknown.
Using patch-clamp techniques in brain slices, we describe a novel type of GABAergic interneuron in the OML with a crossregional forward projection to the subiculum via the hippocampal fissure. Because the subiculum is the first stage in the output from the hippocampus to the neocortex, it is suggested that this interneuron mediates long-range feed-forward inhibition and may synchronize oscillating networks in the hippocampal-entorhinal axis.
MATERIALS AND METHODS
Patch-clamp recording. Brains from 10-to 31-d-old Wistar rats were used in this study; however, the majority of brains was taken from animals between postnatal days 10 to 18 (P10 -P18). Animals were decapitated, and transverse hippocampal slices (300 m thickness) were cut in icecold physiological extracellular solution with a vibratome (Dosaka Instruments, Kyoto, Japan). Then slices were incubated at 32-35°C for 30 -60 min and stored, subsequently, at room temperature. Patch-clamp recordings from neurons in the OML were made under visual control by infrared differential interference contrast (IR-DIC) videomicroscopy (Stuart et al., 1993 ). An upright microscope (Axioskop FS, Z eiss, Oberkochen, Germany) equipped with a 40ϫ water immersion objective (Z eiss), an infrared filter (RG-9, Schott, Melsungen, Germany), and a Newvicon camera (C2400, Hamamatsu, Hamamatsu C ity, Japan) was used. Borders within the molecular layer of the dentate gyrus were defined according to Amaral and Witter (1995) .
Patch pipettes were pulled from borosilicate glass tubing (2.0 mm outer diameter, 0.5 mm wall thickness, Hilgenberg, Malsfeld, Germany). When filled with intracellular solution, they had resistances of 3-5 M⍀. Neurons were approached while positive pressure was applied to the inside of the patch pipette. Seals were formed in the voltage-clamp mode by using an Axopatch 200A amplifier (Axon Instruments, Foster C ity, CA). After the whole-cell configuration was established by breaking the cell membrane with a suction pulse, the amplifier was switched to the currentclamp recording mode. Only neurons with a resting potential more negative than Ϫ50 mV were accepted. During recording the membrane potential was set to Ϫ70 mV by injection of a small holding current (Ͻ20 pA). The recording temperature was 34 Ϯ 2°C.
Solutions. The physiological extracellular solution used for bath perf usion contained (in mM): 125 NaC l, 25 NaHC O 3 , 25 glucose, 2.5 KC l, 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 1 MgC l 2 , bubbled with 95% O 2 /5% C O 2 . The intracellular solution contained (in mM): 135 K-gluconate, 20 KC l, 0.1 EGTA, 10 H EPES, 2 MgC l 2 , and 2 adenosine 5Ј-triphosphate (Na 2 -ATP) plus 5 mg /ml biocytin pH-adjusted to 7.3 with KOH. All chemicals were obtained from Merck (Darmstadt, Germany) or Sigma (München, Germany).
Data acquisition and anal ysis. Voltage recordings were filtered at 2 kHz with the internal 4-pole low-pass Bessel filter of the Axopatch amplifier. Data were digitized and stored on-line at 5-10 kHz with a CED1401ϩ interface (CED, C ambridge, England) connected to a personal computer. Data analysis was performed with interactive programs written in Pascal.
The input resistance (R N ) was estimated from voltage responses to current pulses of 1000 msec duration (Ϫ100 pA to ϩ280 pA amplitude, incremented in steps of 20 pA). R N was determined from a plot of the voltage measured 500 -1000 msec after the onset of the pulse against the current amplitude; data points Ϫ20 mV to ϩ10 mV around the holding potential were fit by linear regression. The apparent membrane time constant ( 0 ) was estimated from voltage responses to current pulses of small amplitude (Ϫ60 pA). The resulting voltage transient was plotted logarithmically, and the late portion (between 10 -20 and 20 -40 msec after the onset of the pulse) was fit by linear regression (Spruston and Johnston, 1992) . The sag ratio was determined by using hyperpolarizing current pulses (Ϫ80 pA) of 1000 msec duration and was calculated as the voltage at the end of the pulse (900 -960 msec) divided by the maximal voltage during the pulse.
Action potentials were elicited by depolarizing current pulses of 1000 msec duration (ϩ50 pA to ϩ900 pA amplitude, incremented in steps of 50 pA). Half-duration and the dV/dt ratio (McCormick et al., 1985; Scharfman, 1992) of single action potentials were determined from the Axonal and dendritic morphology of three subiculum-projecting interneurons in the OML. Somata and dendrites of the neurons are drawn in black; axons are drawn in red. Arrows point to the origin of the axons. A, Camera lucida reconstruction of an interneuron (P17) with its soma located in the inner to middle third of the OML with a fusiform dendritic configuration. Note the extensive axonal arborization within layer 1 of the subiculum with terminations in stratum pyramidale and the extensive tangential spread within the OML. B, Interneuron (P13) with its soma located in the inner third of the OML with short, varicose dendrites emerging from the upper pole and restricted to the molecular layer. C, Pyramidal-like interneuron (P11) with a soma located in the inner third of the OML. This is the same neuron as that shown Figure 2C . Note that the main dendrite projects through the granule cell layer into the hilar region. Neurons shown in B and C have a less extensive axonal domain within the OML and the subiculum than the cell in A. The dashed line separates layer 1 and stratum pyramidale of the subiculum. CA3, Hippocampal region CA3; GCL, granule cell layer; H, hilar region; hf, hippocampal fissure; iml, inner molecular layer of the dentate gyrus; ml, molecular layer of the subiculum; oml, outer molecular layer of the dentate gyrus; sp, stratum pyramidale of the subiculum; SUB, subiculum. Scale bars in A-C, 100 m. first spike in response to a current injection that was slightly above threshold. The action potential frequency for a given stimulus intensity was determined from the number of spikes during the 1000 msec pulse. All data are given as mean Ϯ SD.
Bioc ytin filling and histolog ical procedure. During recording, neurons were filled with biocytin (15-30 min) to reveal their morphological characteristics. After the pipette was withdrawn, slices were left in the recording chamber for an additional 10 -15 min to allow for biocytin transport within the axon. Slices were immersion-fixed in a phosphatebuffered solution (100 mM PB, pH 7.4) containing 1% paraformaldehyde and 2.5% glutaraldehyde (12 hr at 4°C). For electron microscopy slices were embedded in 3% agar (diluted in 100 mM PB) and resectioned at a thickness of 70 m on a vibratome. Thereafter, free-floating sections were rinsed several times in 100 mM PB. To block endogenous peroxidase, we transferred sections into phosphate-buffered 3% H 2 O 2 for 20 min, followed by an ascending series of dimethylsulfoxide (DMSO) at the following concentrations: 5, 10, 20, and 40% diluted in 100 mM PB (30 min for each step). After several rinses in 100 mM PB, sections were processed with an ABC solution (1:25, Vectastain Elite, C amon, Wiesbaden, Germany), as previously described (L übke et al., 1996) . To enhance the staining contrast, we post-fixed sections for 1 hr in 0.5% phosphate-buffered osmium tetroxide, counterstained in 1% uranyl acetate, dehydrated via an ascending series of ethanol (30 min for each step), and finally flat-embedded in Durcopan (Fluka AG, Buchs, Switzerland). Serial sections were cut with an ultramicrotome (Leitz Ultracut, Leitz, Hamburg, Germany) and analyzed for synaptic contacts with a Z eiss EM 109 electron microscope.
For light microscopy a similar protocol was used, although slices were not resectioned and no ascending series of DMSO was used, but 0.1% Triton X-100 was added to the ABC solution. After the diaminobenzidine reaction, free-floating slices were enhanced briefly in 0.1% osmium tetroxide (2 min), run through an ascending series of ethanol, and finally were flat-embedded in Hypermount (Life Sciences GmbH, Frankf urt, Germany). Representative examples of neurons were examined, photographed, and reconstructed with an Olympus BX-50 microscope and a camera lucida drawing tube (Olympus, Hamburg, Germany) at a final magnification of 480ϫ. Drawings of the OML neurons formed the basis for f urther quantitative morphological analysis.
Quantitative anal ysis of a xonal parameters of OML interneurons. The numbers of boutons, segments, and branch points were determined for the two axonal domains (OML and subiculum) by using concentric ring analysis (Sholl, 1955) . The soma region of the neuron was placed within the first concentric ring (ring spacing was 20 m), and the total number per ring was counted for each parameter. The bouton density per 100 m axonal length was calculated from the total number of boutons and the total axonal length for each concentric ring. All data are given as mean Ϯ SD. No correction was made for tissue shrinkage caused by fixation and dehydration.
Nonradioactive in situ hybridization for GA D67 mR NA. Wistar rats (10 -30 d old) were anesthetized and perf used transcardially with 100 mM PB containing 4% paraformaldehyde. The brains were removed and post-fixed for 2 hr, followed by cryoprotection (12 hr) in 100 mM PB containing 20% sucrose and 0.1% diethylpyrocarbonate to inactivate RNases. Then brains were frozen in isopentane at Ϫ40°C and stored until f urther processing at Ϫ70°C. Sections (50 m) of the hippocampal formation were cut with a cryotome (Reichert-Jung 2700 Frigocut, Wien, Austria). Every second section was used for in situ hybridization.
Sections were transferred to RNase-free vials and washed in 2ϫ SSC (0.3 M sodium chloride and 0.03 M sodium citrate). Digoxigenin-labeled riboprobes for GAD67 mRNA were kindly provided by Dr. Petra Wahle (Universität Bochum, Bochum, Germany); they were transcribed and tested as described by Wahle and Beckh (1992) . In situ hybridization was performed by using free-floating sections. They were incubated for 10 -18 hr at 47°C in hybridization buffer containing 50% formamide, 4ϫ SSC, 250 g /ml denatured salmon sperm DNA, 100 g /ml yeast tRNA, 5% dextran sulfate, 1ϫ Denhardt's solution (Sigma), and the probe (sense or antisense, diluted 1:1000; Bender et al., 1996) . After posthybridization washes (2ϫ SSC for 2 ϫ 15 min at 24°C, 2ϫ SSC /50% formamide for 15 min at 57°C, 0.1 SSC /50% formamide for 15 min at 57°C, and 0.1ϫ SSC for 15 min at 57°C), labeled neurons were detected by a digoxigenin -RNA labeling and detection kit (Boehringer Mannheim, Mannheim, Germany). Control experiments with the sense probe gave no labeling. 
Single-cell reverse transcription (RT)-PCR anal ysis for GA D67 mR NA.
Single-cell RT-PCR analysis was performed as described previously (Monyer and Jonas, 1995) . Patch pipettes were pulled from heated (200°C overnight) glass tubing; resistances were between 1 and 2 M⍀.
They were filled with 8 l of autoclaved intracellular solution containing (in mM): 140 KC l, 5 EGTA, 3 MgC l 2 , and 5 H EPES, pH-adjusted to 7.3. The silver wire of the electrode holder was rechlorided before every recording. After examination of the action potential pattern of the Data points from Ϫ40 to ϩ20 pA were fit by linear regression. R N , estimated from the slope, was 465 M⍀. The resting membrane potential was Ϫ58 mV; the holding potential was Ϫ70 mV. All data were obtained from the same neuron. neuron in the whole-cell configuration, we harvested the nucleus and cytoplasm of the cell into the patch pipette under visual control. Then the content of the pipette tip was expelled into a reaction tube by a valve-controlled pressure system. Subsequently, RT-PCR amplification for GAD67 mRNA was performed (Jonas et al., 1994) , using the sense primer ATGGCATC TTCCACGCC TTCG (position 1 of the coding region) and the antisense primer CCAAATTAAAACC TTCCATGCC (position 465 of the coding region). The resulting 465 bp fragment spans three introns at the genomic level. The cycling conditions were 3 min initial denaturation (94°C), 40 cycles (94°C, 30 sec; 51°C, 30 sec; 72°C, 30 Figure 7 . Distribution of GAD67-positive neurons in sections of the rat hippocampal formation at P11. A, L ow-power magnification of the hippocampus and subiculum showing the overall distribution of GAD67-positive neurons. B, Distribution of GAD67-positive neurons in the hilar region, the granule cell layer, and the molecular layer of the dentate gyrus at higher magnification. The inset shows GAD67-positive neurons (arrows) located close to the hippocampal fissure. C, GAD67-positive neurons in the OML and layer 1 of the subiculum. The arrows in B and C indicate the hippocampal fissure (hf ). CA1, CA3, Hippocampal regions CA1 and CA3; DG, dentate gyrus; F, fimbria; GCL, granule cell layer; H, hilar region; ml, molecular layer of the subiculum; oml, outer molecular layer of the dentate gyrus; sp, stratum pyramidale of the subiculum; Sub, subiculum. Scale bars: in A, 500 m; in B, C, 100 m; in inset, 25 m. sec). Control experiments obtained without harvesting of cytoplasm gave no product after PCR amplification.
RESULTS

Visualization of neurons in the OML
IR-DIC videomicroscopy allowed us to visualize and record from neurons in the OML of hippocampal slices (P10 -P31), although the density of these neurons was much lower than that of neurons in the granule and pyramidal cell layer and the hilar region. Only neurons with somata located 50 -100 m below the surface of the slice were selected, to reduce the probability that dendrites or axons were severed during the slicing procedure. Eighty neurons were recorded and filled with biocytin. In 40 neurons the axon was stained adequately. Six neurons recorded from subsequently were identified as displaced granule cells. Fourteen neurons had a local axonal arborization that was confined mainly to the OML, 3 neurons projected to the stratum lacunosum moleculare of the CA1 region, and 17 neurons projected to the subiculum via the hippocampal fissure.
This study is focused on OML interneurons projecting to the subiculum via the hippocampal fissure. The location of the somata of physiologically and morphologically analyzed OML interneurons with an axonal projection to the subiculum is given in Figure  1 . The somata of neurons were distributed throughout the entire span of the OML; however, the majority was found in the middle to outer third of the OML adjacent to the hippocampal fissure (Fig. 1) .
Dendritic configuration and axonal arborization of subiculum-projecting interneurons in the OML
Subiculum-projecting neurons in the OML constituted a heterogeneous group with respect to their dendritic morphology. They had round to ovoid somata (transverse mean diameter, 16 m; range, 12-28 m) with either f usiform (Fig. 2 A) , multipolar (Fig.  2 B) , or pyramidal-like (Fig. 2C ) dendritic configurations. The large majority of neurons had only a few short dendrites confined to the molecular layer (Fig. 2 A,B) , and their dendrites did not cross the hippocampal fissure even when their somata were located directly underneath. It is unlikely that the sometimes very short dendrites (Fig. 2 B) are attributable to incomplete filling with biocytin, because no partially stained dendrites were observed in our electron microscopic study. In 1 of 17 neurons dendrites entered the hilar region via the granule cell layer (Figs.  2C, 3C) , and in 5 of 17 neurons individual dendrites crossed the hippocampal fissure to enter layer 1 of the subiculum (see Fig.  6 A) . Dendrites of OML interneurons were aspiny, but varicosities were observed frequently.
The main axon of subiculum-projecting neurons in the OML emerged directly from the soma and had two distinct axonal domains. The first domain was confined mainly to the OML and was oriented tangentially. The field span of this local domain was 1-1.3 mm (Figs. 3A-C, 6A) . Only a few collaterals (Ͻ5%) projected toward the inner molecular layer (Fig. 3B) . Collaterals entering the granule cell layer or the hilar region of the dentate gyrus were not observed, with one exception, where the main axon entered the hilar region, but looped back into the OML (Fig.  3B) .
The second axonal domain was established by vertically and tangentially oriented collaterals, which crossed the hippocampal fissure (Fig. 2 D) and terminated in layer 1 (ϳ95% of the axonal collaterals) or stratum pyramidale (ϳ5%) of the subiculum (Figs.  3A-C, 6A) . The axonal arborization within the subiculum was variable among the population of OML interneurons. Most neurons showed a high degree of collateralization in the subiculum. The majority of their axonal collaterals was oriented vertically, and only a few tangential collaterals were found (Figs. 3A, 6A) . In some neurons the vertical axonal arborization in the subiculum was less extensive, but the tangential projection was more widespread (Fig. 3B,C) . These tangential collaterals could be followed over distances up to 750 m from the soma. The maximal field span of single axonal collaterals was 1.3 mm and was similar for both axonal domains. Axonal growth cones occasionally were found on interneurons from younger rats (ϽP14).
Electron microscopic analysis revealed that OML interneurons established symmetric (supposedly inhibitory) synaptic contacts mainly on dendritic shafts but also on spine necks of target neurons in the OML (Fig. 4 A,B ) and the subiculum (Fig. 4C,D) . No synaptic contacts with cell bodies or axon initial segments were found. The contacts on spine necks and on shafts of spiny dendrites within the two axonal domains of OML interneurons suggest that these synapses are formed with principal neurons, granule cells, and subicular pyramidal neurons. It cannot be excluded, however, that OML interneurons also target other interneurons in the OML and subiculum.
Quantitative analysis of axonal arborization of subiculum-projecting interneurons in the OML
The number of boutons, axonal segments, and branch points for the two axonal domains of subiculum-projecting OML interneurons was determined by concentric ring analysis (Fig. 5) . The mean number of boutons of the subicular domain was 947 Ϯ 657 (range, 251-2083), somewhat larger than that of the OML domain (667 Ϯ 434; range, 264 -1399). Comparable results were obtained for the number of axonal segments (mean values 316 and 253, respectively), branch points (mean values 51 and 48, respectively), and density of boutons per 100 m axonal length (Fig. 5D) (mean values 15.3 and 14.4 per 100 m, respectively). Although the axonal parameters were not significantly different between the two domains (two-sided t test for paired samples; p Ͼ 0.05), some neurons established much more prominent domains in the subiculum than in the OML. This is exemplified by the neuron shown in Figures 5 and 6 A. In this particular neuron the number of boutons (Fig. 5C ), axonal segments (Fig. 5A) , and branch points (Fig. 5B ) was more than twofold higher in the subiculum than in the OML. The number of boutons per ring in the OML was maximal at 100 m from the soma, followed by a steep decline. In contrast, the number of boutons per ring in the subiculum was maximal at 220 m and showed a much broader distribution (Fig.  5C) . Shown is an ethidium bromide-stained gel of cDNA fragments amplified from six electrophysiologically characterized OML interneurons by using primers for GAD67 (lanes 1-6 ) . In addition, RT-PCR for GAD67 mRNA was performed for six CA1 pyramidal neurons. An example is shown in lane 7; note the absence of any detectable PCR product. M, DNA molecular weight marker. 
Physiological properties of subiculum-projecting interneurons in the OML
In 9 of 17 subiculum-projecting OML interneurons an analysis of passive and active membrane properties in the current-clamp recording configuration was performed (Fig. 6 B-E) . Interneurons in the OML were very heterogeneous in their physiological characteristics. The mean resting membrane potential was Ϫ63 Ϯ 6 mV, ranging from Ϫ55 to Ϫ72 mV. The mean input resistance (R N ) was 292 Ϯ 104 M⍀ (range, 150 -465 M⍀) ; the variation may be attributable in part to differences in somatic and dendritic surface area and configuration. The apparent membrane time constant 0 was 10.9 Ϯ 5.1 msec, ranging from 3.8 to 20.4 msec. All neurons investigated showed little sag (sag ratio 0.8 Ϯ 0.1, ranging from 0.6 to 0.9) during hyperpolarizing current injections (Fig. 6 D) . Spontaneous excitatory and inhibitory synaptic potentials were observed frequently (Fig. 6 D) .
The shape of single action potentials generated by OML interneurons differed from that of hippocampal principal neurons (compare Fig. 6C with Fig. 9C ). The half-duration was 1.1 Ϯ 0.7 msec (range, 0.5-2.8 msec), and the dV/dt ratio that relates the maximum rate of rise of the action potential to the maximum rate of decline was 1.2 Ϯ 0.2 (range, 1-1.7). Single spikes were followed by a marked afterhyperpolarization (Fig. 6 B-D) . OML interneurons generated high-frequency trains of action potentials with little or no adaptation in response to depolarizing current steps (Fig. 6 B) . In six neurons that were stimulated with currents of up to ϩ900 pA, the average maximal action potential frequency was 108 Ϯ 20 Hz (range, .
Given the brief duration of single action potentials, the weak adaptation, and the high maximal frequency of action potentials generated on sustained current injection, the electrophysiological characteristics were very similar to those of various types of GABAergic interneurons but markedly different from those of principal neurons of the hippocampus and neocortex (McCormick et al., 1985; Kawaguchi and Hama, 1987; Scharfman, 1992; Han et al., 1993) .
Neurons in the OML are GABAergic
To identif y the transmitter phenotype of OML interneurons, we performed in situ hybridization and single-cell RT-PCR analysis for GAD67 mRNA. A photomicrograph of a representative section through the hippocampal formation showing the distribution of GAD67 mRNA-containing neurons is given in Figure 7 . The somata of GAD67-positive neurons could be distinguished from the background by the extensive reaction product filling the cytoplasm, whereas the nuclei were devoid of label. In the hippocampal formation the highest density of GAD67 mRNApositive neurons was found in the dentate gyrus and the hilar region (Fig. 7A) . Throughout the entire OML, GAD67 mRNApositive neurons could be identified, although their density was much lower than that in the granule cell layer and the hilar region ( Fig. 7A-C) . Some neurons were located directly underneath the hippocampal fissure and the pial surface of the dentate gyrus (inset, Fig. 7B ).
To address whether the majority of neurons in the OML contained GAD67 mRNA, we counted neurons in alternating consecutive sections that were either processed for GAD67 mRNA or stained with cresyl violet (Nissl staining). A high degree of overlap between GAD67-positive neurons (35.9 Ϯ 3.2 cells per section in 20 sections, thickness 50 m) and Nissl-stained neurons (33.6 Ϯ 2.7 cells per section in 20 alternating sections, thickness 50 m) was found.
To confirm further the GABAergic nature of electrophysiologically characterized OML interneurons, we performed single-cell RT-PCR analysis, using specific primers designed to amplify GAD67 cDNA (Fig. 8) . Of 12 fast-spiking neurons located in the OML close to the hippocampal fissure, 10 cells expressed GAD67 mRNA (Fig. 8, lanes 1-6 ) ; the two remaining neurons did not amplify. In contrast, GAD67 mRNA was detected in none of the six CA1 pyramidal neurons (Fig. 8, lane 7 ) that served as controls. These results indicate that virtually all neurons in the OML are GABAergic.
Dendritic configuration and axonal projection of displaced granule cells
Six neurons with somata located in the inner third of the OML had morphological and functional properties substantially different from those of the subiculum-projecting fast-spiking interneurons described above. These neurons showed the characteristic morphological features described for granule cells (Lorente de Nó, 1934; Claiborne et al., 1990) , except that their somata were not located in the granule cell layer (Figs. 2 E, 9A) . The somata were round to ovoid (transverse mean diameter, 14 m; range, 12-15 m) and gave rise to one or two primary apical dendrites that branched and fanned out to a cone-shaped dendritic field within the molecular layer (Figs. 2 E, 9A ). All dendrites were densely covered with spines. The main axon emerged directly from the basal pole of the soma and descended through the granule cell layer (Fig. 2 E) . Within the hilar region it then gave rise to several collaterals. The mossy fiber axon ran parallel to the CA3 pyramidal cell layer over long distances while giving off several short terminal branches (Fig. 9A ).
Physiological properties of displaced granule cells
Displaced granule cells typically had resting potentials that were more negative (Ϫ75 mV; range, Ϫ70 to Ϫ80 mV) than those of OML interneurons. The values for R N (198 M⍀; range, 186 -209 M⍀) were in good agreement with published data for granule cells (Spruston and Johnston, 1992; Staley et al., 1992) . Single action potentials of displaced granule cells were followed by a triphasic afterhyperpolarization ( Fig. 9B ; see also Scharfman, 1992) . Unlike OML interneurons, they generated low-frequency trains of action potentials on sustained current injection and showed marked spike frequency adaptation (Fig. 9B) . Hence, displaced granule cells are markedly different from OML interneurons with regard to resting potential, shape of the action potential, firing frequency, and adaptation ( Fig. 9B-D) .
DISCUSSION
Here we describe a GABAergic interneuron that connects the input region of the hippocampal formation, the molecular layer of the dentate gyrus, to the output region, the subiculum. Via the hippocampal fissure this interneuron establishes a cross-regional axonal projection that is forward-directed, relative to the information flow in the trisynaptic pathway of the hippocampus.
Interneurons in the outer molecular layer of the dentate gyrus
Interneurons in the OML share several characteristics with other types of GABAergic interneurons in the hippocampus. OML interneurons are characterized by the short duration of the action potential, the marked afterhyperpolarization that follows a spike, and the high frequency of action potential trains generated on sustained current injection. These properties are used widely to identify GABAergic interneurons (McCormick et al., 1985;  
